Nanocrystalline ferrite formation by ball milling in pure Fe (0.004 mass% C) has been studied through morphology observation and microhardness measurements. It was found that nano-ferrite first formed at the outer surface area in the powders at the early stage of ball milling, which was attributed to the deformation localization. The boundaries between the nano-ferrite and work-hardened regions are quite clear under SEM and the hardness of nano-ferrite region is more than 3 GPa higher than that of the work-hardened region. Further milling led to the particle refinement and formation of nano-ferrite of the whole particles. It has been suggested that the nanocrystalline ferrite formed through a transition from dislocation cell wall created by work hardening during ball milling to grain boundary, which is regarded to contribute to the hardness gap between the work hardened structure and the nanocrystalline ferrite. A relatively high stability against temperature was observed in the nano-ferrite formed by ball milling. The irregular grain boundaries of nano-ferrite annealed at high temperature was attributed to that the grain growth of nanocrystalline ferrite takes place by coalescence of neighboring grains.
Introduction
Among the heavy deformation processes to produce nanocrystalline materials, such as ball milling (BM), 1, 2) equal channel angular pressing (ECAP), 3) severe plastic torsion straining (SPTS) 4) and accumulated roll-bond (ARB), 5, 6) ball milling is the most popular methods. Various nanostructured materials including pure metals, intermetallics and alloys have been produced via ball milling. [7] [8] [9] [10] [11] [12] However, the nanocrystal formation process by ball milling, i.e., the mechanism still remains covered. The main reason of this is that in most of the previous studies, people estimated the structural change during milling by indirect methods such as grain size estimation by XRD line broadening or stored energy measurement by DSC. Only an average condition of the powders with intermediate milling time was obtained by the XRD and DSC analysis, which may contain a mixture of various types of microstructures inside. The direct microstructure observation by TEM was carried out generally for the powders when nanostructure was regarded to have formed and not for powders of intermediate milling time. Therefore, the intermediate stage of the microstructure evolution has not been recognized. The general understanding is that ball milling results in deformation of the powder particles leading to a gradual grain refinement and finally a nanocrystalline structure is formed. Fecht et al. proposed that shear bands may be a precursor for the nanocrystalline structure formation by studying the ball milling of AlRu compound. 9) However, no more profound evidence has been supplied since then. Ball milling of pure iron has been carried out by many researchers and the nanostructure formation has been reported. 8, 9, [13] [14] [15] [16] However, most of the previous studies used XRD 8, 9, 13, 16) and reported a gradual grain refinement and formation of nanocrystal in the final stage. The recent studies focused mainly on the thermal stability, and grain growth of nanocrystalline iron produced by ball milling. 14, 15) It is suggested that grain growth take place in either isothermal or non-isothermal heating to certain stationary grain sizes, which was attributed to the impurity segregation to the grain boundaries at lower annealing temperature and to the pinning effect at higher annealing temperature. A mechanism for grain growth different from polycrystals was considered to be the growth of the crystal domains. 14) Another possible explanation was attributed to the pinning effect on grain boundary. 15) However, many points remain covered regarding the grain growth of nanocrystalline materials. The present investigation on ball milling of pure iron was therefore carried out mainly focusing on the nanocrystalline structure formation during ball milling process and the structural change of nano-ferrite during annealing.
Experimental Procedures
A pure Fe (0.004C, 0.02Si, 0.07Mn, 0.006P and 0.001S in mass%) with ferrite structure was employed in the present study. Iron chips with a thickness of less than 1 mm and a length of several mm were cut from iron block and subjected to ball milling. Ball milling was performed in a conventional horizontal ball mill under the protection of pure Ar atmosphere up to 1 800 ks. A vial with inner diameter of 128 mm, a rotation speed of 95Ϯ1 rpm and a ball to powder weight ratio of 100 : 1 were applied. Structural characterization was performed in scanning electron microscopic (SEM) and transition electron microscopic (TEM) observations. SEM observations were carried out on a JEOL JSM-6 300 microscope after polishing and etching the samples in 3% Nital. TEM was performed on a Hitachi H-800 working at 200 kV. Microhardness measurement was carried out using a MVK-G1 Vicker's hardness tester with an applied load of 1.96 N for 10 s.
Results
The microstructure evolution of pure Fe with ball milling was observed by SEM. It was found that heavy deformation taking place during ball milling led to the formation of two types of structure in all the specimens with intermediate milling times (see Fig. 1 ). One is a uniformly layered structure near the outer surface area of the particles, which is difficult to be etched by Nital (the bright area near or on the surface). The other is a conventionally deformed structure in the interior of the particles (the interior darker area). Generally, the boundaries between these two types of structures are quite clear under SEM observation. It was also observed that the amount of the layered structure increased with increasing milling time. Among the powders with certain milling time, the finer the particles are, the larger the fraction of layered structure. Figure 2 shows the microstructure change with ball milling time. The starting microstructure of pure Fe is ferrite with an average grain size of several tens of micrometers. Figure 2 (a) shows a micrograph of the iron powders milled for 180 ks. The above-mentioned two structures are clearly demonstrated. Near surface (upper left area), layered structure formed which is difficult to be etched by Nital. In the interior region (lower right area), normally deformed structure existed without distinct layer structure, which is more easily to be etched. With the increasing milling time to 360 ks ( Fig. 2(b) ), the layered structure near the outer surface evolved while the interior deformed structure re- mained almost unchanged. In the powders milled for 720 ks ( Fig. 2(c) ), the same structure evolution tendency was observed. The layered structure was refined slightly, and its fraction increased. After ball milling for 1 800 ks, it has been found that almost all powder particles were reduced to an average size of several tens of microns. In the fine powder particles ( Fig. 2(d) ), the whole particle has been changed into a uniform fine layered structure. The microhardness was measured at the two types of microstructures with various milling times and shown in Fig.  3 . It was found that the two types of microstructures showed quite different hardness. The microhardness of the interior work hardened region increases with milling time from 1.3 GPa to about 3.1 GPa after 720 ks milling. In contrast, the surface layered structure showed a much higher value. Even after 180 ks milling, the hardness of the surface layered structure is as high as 5.4 GPa. This value increased to 7.1 GPa after 360 ks milling and reached a nearly saturated value of 8.2 GPa after 1 800 ks milling. It is surprising that no microstructure with hardness between 3.1 and 5.4 GPa has been observed. The distinctive difference in the microhardness indicates that these two-type microstructures are intrinsically different. The highest hardness of pure Fe reported was 3.7 GPa (derived from the tensile strength in Ref. 17) ). The much higher hardness of the layered structure was considered to be attributed to the contribution of grain refinement to nanometer scale.
To investigate the thermal stability of the microstructure produced by ball milling, the as-milled powders were annealed at various temperatures for 3.6 ks. Figure 4 shows the microstructure change by annealing in the powders milled for 360 ks. After annealed at 673 K, the two types of distinctive structures at the as-milled state are still clearly observed ( Fig. 4(a) ). The nano-ferrite remained its fine structure without detectable change (upper left area), while recrystallization has taken place in the interior work hardened region (lower right area), leading to the formation of recrystallized grains with an average size of about 1 mm. Annealing the milled powders at higher temperature of 873 K led to a significant change in the interior work hardened structure (Fig. 4(b) ). The recrystallized grains grew to an average size of about 10 mm with sharp and straight grain boundaries. In contrast, the nano-ferrite remains almost unchanged. It is noted that in some area there appeared some crystals with irregular grain boundaries, which is different from recrystallized structure and the nano-ferrite. Further increasing the annealing temperature to 1 073 K led to a grain growth of the interior work hardened region to the grain size of several tens of microns (Fig. 4(c) ). On the contrary, all the nano-ferrite regions transformed into grains of around several microns with irregular grain boundaries.
The structure evolution during annealing of the powders milled for 1 800 ks is demonstrated in Fig. 5 . At 673 K, annealing did not lead to any apparent change in the fine nano-ferrite ( Fig. 5(a) ), similar to the nano-ferrite formed after 360 ks milling. Increasing the annealing temperature to 873 K remained the nano-ferrite in most region in the particles, while some large grains appeared showing a irregular grain boundary, which is similar to those appeared in nano-ferrite region of 360 ks milled powders (Fig. 5(b) ). The whole particles transformed into large grains with irregular grain boundaries when annealed at 1 073 K, no more nano-ferrite existed. An average grain size of around 10 mm was obtained. This is exactly the same as observed in the nano-ferrite region in the powders milled for 360 ks and annealed at 1 073 K.
To identify the structures obtained by SEM, TEM observations were carried out on the milled powders. Figure 6 shows the TEM micrographs of powders milled for 360 ks. Figure 6 (a) shows the image near the surface region of a particle, where layered structure was observed by SEM. The layered crystals were observed with an average thickness of around 100 nm and a length of several hundreds of nanometers. On the other hand, the observations on the interior regions of the particles revealed some heavily deformed grains with a thickness of around 500 nm (Fig.  6(b) ) or slightly deformed grains with an average size of several hundreds of nanometers. The stacking of dislocations on the grain boundaries could be identified, which indicates the deformation taking place via dislocation. This is in good agreement with the SEM observations by which two distinctive structures were shown. Though the two types of structures are apparently different in SEM observa- tion, TEM observation revealed a relatively wide range of grain size in nano-ferrite regions. However, no clear boundaries like observed in SEM were detected. The TEM observations of the powders milled for 1 800 ks were shown in Fig. 7 . A grain size smaller than 100 nm with a main distribution of around 50 nm was observed. The microhardness of the milled powders subjected to annealing was measured as well to characterize the mechanical property change upon heating, and the results are demonstrated in Fig. 8 . In the as-milled state, it was found that the two types of microstructures in the sample with intermediate milling time (e.g., 360 ks) revealed quite different hardness. The nano-ferrite region revealed an average hardness of about 7 GPa, while the interior work hardened structure revealed a much lower hardness of around 2.5 GPa. In contrast, the powders milled for 1 800 ks revealed 1 GPa higher hardness than the nano-ferrite formed in 360 ks milled powders. When subjected to annealing at 1 273 K for 3.6 ks, the hardness decreased to about 1.7, 1.0 and 3.6 GPa, respectively, for the nano-ferrite and the work hardened structure in 360 ks milled powders and for the nanoferrite in 1 800 ks milled powders. It was noticed that the grains with irregular grain boundaries showed a lower hardness than the nano-ferrite without obvious grain growth.
However, it is still much higher than that of the recrystallized work-hardened structure.
Discussions

Formation of Nanostructure in Ball Milled Pure
Iron The present study on ball milling of pure Fe showed that by applying heavy deformation to metal powders nanostructure can be produced. Even in the powders milled for short time, the layered crystalline grains as small as about 100 nm (this value is generally regarded as the upper limit of nanocrystalline materials) thick could be produced on the outer surface region of the powders. Chemical analysis of the ball milled powders revealed that in the powders ball milled for 720 ks the oxygen level increased by one order of magnitude (from 0.003 to 0.07 mass%) while the nitrogen remained in the same level (from 0.002 to 0.005 wt%) compared with the starting material. Although the oxygen level increased, the effect of oxygen and nitrogen is therefore essentially ruled out. It is therefore concluded that the heavy deformation in certain region on the surface of the particles is the main reason to the formation of nanocrystalline ferrite.
The measurements of hardness showed another direct evidence to the formation of nanocrystalline ferrite. It has been found that the highest hardness attained in the interior work hardened structure is 3.1 GPa (720 ks milling), while the lowest hardness in the nano-ferrite is measured to be 5.4 GPa (180 ks milling). Combining with the microstructural observations by SEM and TEM, it is regarded that in the interior work hardened region, the main mechanism working is the dislocation strengthening, while the grain refinement strengthening works in the nano-ferrite region. When the strength increment is contributed by the increase of dislocation density, r the yield strength, s y , is expressed by the Bailey-Hirsh equation 18) ] .... ( 3 ) while when the grain size, d, of an alloy reduced to certain range, the contribution of grain refinement will be dominant, which is expressed as Hall-Petch equation:
where k y is a constant. Operating in the same way as for Beiley-Hirsh equation, one obtains
Consequently, the corresponding dislocation density and grain size of these two types of microstructures were calculated as about 10 15 m Ϫ2 and 150 nm respectively (as indicated in Fig. 3 ). The calculated nanocrystalline ferrite grain size is very close to that observed by TEM. Meanwhile, the dislocation density derived from hardness agrees well with that of cold rolled pure iron derived from the stored energy measurement. 19) Though it is clear now that the heavy deformation during ball milling is the main and direct reason for the formation of nanostructure, how it works still remains unclear. In a early report, Fecht et al. proposed that the elemental process for nanocrystallization includes 9) : 1) initially, the deformation is localized in shear bands consisting of an array of high density dislocations, with an atomic level strain up to 3%, 2) At a certain strain level, dislocations annihilate and recombine to produce small angle grain boundaries, forming subgrains in nanometer size range, and 3) The orientation of grains becomes completely random. However, until now the shear bands were observed only in heavily deformed compounds such as AlRu and NiTi. 9, 20) In the present study the shear bands were scarcely observed in the ball milled powder and cannot be considered to play a major role in nanocrystallization process. The nanocrystallization process of pure metals and single-phase alloys are not yet understood. From our present study, it has been found that nanocrystalline ferrite with a grain size about 100 nm revealed a much higher hardness than the work hardened ferrite. TEM observations revealed that in the work-hardened ferrite, high density of dislocation leads to the formation of cellular structure of dislocations with an average cell size of 100-200 nm, which is the same order as the nanocrystalline ferrite. This indicates that the observed transition in hardness and microstructure from work-hardened to uniformly-layered structure nano-ferrite may correspond to the change from dislocation cell to grain boundary structure during ball milling.
A possible process for the dislocation cell to grain boundary evolution is schematically demonstrated in Fig. 9 . It is expected that in the early stage of ball milling, work hardening occurs and dislocation density increases up to 10 15 m
Ϫ2
. At this stage, the dislocation cell size is around 100 nm as has been reported by Langford and Cohen. 17) Let's consider a simple model of the dislocation cell with an average diameter D and a cell wall thickness w. When the energy of dislocation cell wall becomes higher than that of grain boundary by deformation, the above structural evolution may take place. This condition is expressed as ( 5 ) where, m is shear modulus, b, burgers vector of a dislocation, r w , dislocation density at cell wall, w, cell wall thickness, and g, grain boundary energy. From the above equation, it is derived by taking g=0.60 J/m 2 that r w w should be larger than 2.4ϫ10 8 m
Ϫ1
. Previous studies have revealed that in the deformed metals, the following relations hold for the dislocation cell structure, 21) ] ..... (11) When this condition is satisfied, cell structure changes into grain boundary. This dislocation density is reasonable in the deformed pure iron. Therefore, it is a quite possible way that the dislocation cell walls evolve into grain boundaries during milling and the microstructure changes from work hardening to nanocrystalline. This transition from cell to grain boundary structure (or in situ recrystallization 24) ) takes place due to the temperature rise and enhanced diffusion by excess vacancies introduced during ball milling. Though the temperature rise during ball milling has not been well determined, a value of several tens degree was often observed for the whole milling port in the present study. It is therefore reasonable to deduce that in certain collision spots, the temperature rise may be higher. The enhanced diffusion may reduce the transition temperature from cell to grain boundary to below 373 K. Once the nanocrystalline ferrite with grain boundaries formed, grain refinement will take place in the further milling leading to a finer grain size of nano-ferrite. 
On the Thermal Stability of the Nanostructure Formed by Ball Milling
Previous studies on the thermal stability of nanocrystalline iron has revealed that the grain growth of nanocrystalline iron is very weak, e.g., annealing at 875 K for 3.6 ks leads only to a grain growth from 8 to 60 nm.
15) The weak grain growth was considered to be attributed to the pining effect on the grain boundaries. Similarly, it was found that the present nanocrystalline structure formed by ball milling possesses a relatively high thermal stability. Annealing at 873 K could not result in obvious grain coarsening in nanoferrite from SEM observation. In the TEM observations, most of the nanocrystalline ferrite formed by 1 800 ks milling revealed slight grain growth after annealing at 873 K for 3.6 ks. On the other hand, an interesting phenomenon, grains with irregular boundaries, appeared when annealed at higher than 873 K. This is quite different from the conventional recrystallized grains after work hardening which show a larger grain size and straight grain boundaries. It is considered that in the nanocrystalline ferrite, there is almost no dislocation in the nanocrystalline grains, 10) heating therefore results only in a grain growth by the coalescence of the nanocrystalline grains. This process is schematically demonstrated in Fig. 10 . Since this coalescence process takes place in the grains with different orientation, higher temperature is needed. It is considered that due to fine grains of nanocrystals formed by milling, the grain growth by coalescence develop into an irregular grain boundary.
On the Microhardness of the Nano-ferrite
It has been found that the nano-ferrite formed by ball milling, with either layered structure at the early milling stage or uniform structure after long time milling, shows a much higher microhardness than the work hardened structure. The higher hardness of the nano-ferrite formed after long time milling (1 800 ks) than that of shorter time milled is attributed to the more uniform and smaller grain size. The grain size with 1 800 ks milling can be estimated to be about 60 nm from the hardness. This is in a good agreement with the TEM observations. Therefore, the characteristic of hardness can be used to determine the formation of nanoferrite in the ball-milled powders by combining with SEM and TEM observations. Although the hardness of nano-ferrite decreases with increasing annealing temperature, a much higher hardness than that of the recrystallized workhardening structure was still maintained when compared with the same annealing condition. This may be attributed to the smaller grain size in the prior nano-ferrite region than in the prior work-hardened region. The lower hardness in the regions with irregular grain boundaries (originally nano-ferrite region) than in the nano-ferrite with non-detectable structural change by SEM (annealed at the same temperature, 873 and 1 073 K) in the 360 ks milled powders was attributed to the larger grain size resulted from grain growth in these regions.
Conclusions
It has been found that ball milling of pure Fe led to the formation of nano-ferrite at the outer surface area in the powders at the early stage of ball milling. Longer time milling led to the change into nano-ferrite of the whole particles. The nano-ferrite formed by ball milling shows a much higher microhardness than the work hardened structure and a relatively high stability against high temperature. The hardness gap between the work hardened structure and nanocrystalline ferrite was attributed to the intrinsic microstructures of them. A transition from dislocation cell structure (elastic energy) to normal grain (boundary energy) is suggested to be responsible to the nanocrystallization process. The observed irregular grain boundaries of nanoferrite annealed at high temperature was attributed to that the grain growth of nanometered crystals takes place by the coalescence of the neighboring grains.
